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ABSTRACT

An analytical Detailed Loop Model (DLM) has been developed to analyze the
performance of solar thermosiphon water heaters with heat exchangers in
storage tanks. The model has been used to study performance of thermosi-
phons as a function of heat exchanger characteristics, heat transfer
fluids, flow resistances, tank stratification, and tank elevation relative

to the collector. The results indicate that reasonable performance can be
attained with these systems compared to thermosiphons without heat

exchangers.,

INTRODUCTION

Thermosiphon systems for domestic water
heating have been used 1in various parts of
the world for many years and have shown per-
formance comparable to active (pumped) sys-
tems [1-37. However, current work in the
United States continues to focus on the
development of active systems. This emphasis
is attributable in part to the vulnerability
of conventional thermosiphons to freezing of
water in the Tow-mass collectors. Studies of
more freeze-resistant, high-mass systems,
such as "compact heaters," have shown that
the performance of the systems is signifi=
cantly reduced if movable insulation is not
used at night [4]. One method of providing
freeze protection for thermosiphons with
Tow-mass collectors 1is the use of a non-
freezing heat transfer fluid circulating in a
loop consisting of the collector, connecting
pipes, and a heat exchanger inside the water
storage tank (cf. Fig. 1).

In this work, an analytical Detailed
Loop Model (DLM) has been developed to study
both daytime and nighttime behavior of such a
system, A propylene-glycol (p-glycol) solu-
tion (60% by weight) has been selected for
the heat transfer fluid because of 1its Tow
freezing point, low toxicity, and familiarity
to the solar industry. Recent trends indi-
cate that p-glycol will be accepted for use
with single wall heat exchangers [5].

The basic conservation equations of the
system are averaged over the cross-section so
that the only space coordinate is "s," which
varies along the thermosiphon loop [6]. The
flow is assumed to be Taminar and the density
of the circulating fluid is taken to be con-
stant, except in the buoyancy term, where it
is assumed to vary linearly with temperature
{Boussinesq approximation). The viscosity of
the circulating fluid is evaluated at the
average temperature of each system component
in accordance with the temperature dependence
indicated in Fig. 2. The average temperature
of the storage water is determined at each
time step by performing an energy balance on
the tank. The storage water temperature is
assumed to vary linearly with the vertical
position in the tank. Other basic assump-
tions include the following:

& Negligible collector
incident angle effects.

capacitance and

e Collector parameters based on actual data
for a typical one-cover, selective surface
collector,

@ Constant overall heat transfer coeffi-
cients for the collector and heat
exchanger (U; and Upg).

& Design day data based on the monthly aver-
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age ambient temperatures (cf. Fig. 3).

e A total daily draw of 0.278 m3 (73 gal.)
{(cf. Fig. 3).

The system dimensions and the fimportant
parameters used in the DLM are presented in
Table 1, and unless otherwise specified, per-
tain to all results.

RESULTS AND DISCUSSION

The DLM solves the governing equations
of the system by using a finite-difference
method. Numerical calculations are started at
sunrise by specifying zero flow rate and by
setting the system temperature equal to the
ambient temperature at sunrise. The program
is run for several days to obtain temperature
and flow rate distributions. In Fig. 4 it is
seen that at Teast three days are required to
attain essentially steady-state performance
for the case that includes a daily draw from
the tank. The results presented in this
study correspond to the steady-state condi-
tion (third day results) unless otherwise
indicated.

Figure 5 1is a plot of volumetric flow
rate 1in the Toop and energy transfer to the
storage tank for the 24 hours of the third
day. These plots correspond to no hot water
draw from the storage tank, and therefore do
not represent steady-state conditions. Flow
rate curves are presented for three cases:

an ordinary thermosiphon without heat
exchanger using water as the circulating
fluid, a thermosiphon with heat exchanger

using water as the circulating fluid, and a
thermosiphon with heat exchanger using p-
glycol as the circulating fluid. For the two
cases using water as the circulating fluid,
the analytical results show night and early
morning flow oscillations. While oscilla-
tions have been reported for non-solar
natural convection systems [7-97, they have not
been fully characterized for solar systems.
However, experimental data from Baughn [10]
and Shitzer et al. [11] have suggested the
occurrence of the oscillations in solar ther-
mosiphons. The cumulative energy transfers
from the circulating fluids to the storage
tanks, for the two heat exchanger cases
{water and p-glycol), are also shown in Fig.
5. The deleterious effect of forward and
reverse flow oscillations 1is shown by the
nighttime decline of the cumulative enerqgy
transfer, for the case using water as the
circulating fluid. The actual period of
oscillations corresponds to the time required
to fill both the riser and collector. Figure

5 does not show the actual period and magni-
tude of the oscillations, because the data is
only plotted at half hour time intervals.
Hence Fig. 5 indicates only the presence and
approximate magnitude of the fluidoscilla-
tions when low viscosity fluids such as water
are used. However, the cumulative energy
transfer, from the circulating fluid to the
storage tank, 1in Fig. 5 does indicate the
actual effect of the fluid oscillations on
the energy transfer. In contrast to the
water behavior, p-glycol (which has higher
viscosity) exhibits no oscillations, small
reverse flow, and negligible nighttime energy
Tosses. The analytical model thus indicates
that there is a benefit from using p-glycol
that tends to counteract the reductions in
the system performance vresulting from the
incorporation of a heat exchanger,

An indication of the effect of the heat
exchanger on system performance 1is given by
Figs. 6(a) and 6(b). In Fig. 6(a) the 24-
hour cumulative efficiency 1is plotted as a
function of the variable HTR/(1+HTR), where
HTR 1s the Heat Transfer Ratio, defined as
(UA)pe/(UA)c. Four points from DLM runs are
used to generate each curve, which is then
extrapolated to the line HTR/(I+HTR) = 1, in
order to estimate the system performance for
an ideal heat exchanger (infinite Upa). The
maximum cumulative efficiency Nmax  thus
determined is then used to produce the plots
of normalized (third day) system efficiency
versus HTR, shown in Fig, 6(b). Using a Upe
of 170 W/méoc (30 Btu/hrOF-ft<), three points
are marked on the graph, corresponding to
one, two, and three 2-inch heat exchanger
tubes in parallel. These points are gen-
erated for very specific system parameters,
use patterns, and climatic conditions, so
restraint should be exercised in attempts to
draw general conclusions. However, these
results suggest that reasonable system per-
formance can be achieved by a thermosiphon
with a simple heat exchanger using p-glycol
in the collector Toop.

The effects of several parameters on the
system performance are shown in Figs. 7-9.
The tank temperature distribution is a com-
plicated function of the energy delivery, the
enerqy loss, and the mixing effect of supply
water surges. In order to avoid modeling the
details of the tank dynamics, a range of tank
stratifications was selected, based on previ-
ous works on active systems. The sensitivity
of system performance to tank stratification
is shown in Fig. 7. The vesults indicate
that tank stratification does not have a
strong effect on the system performance.



The effects of tank elevation relative
to the collector are shown in Fig. 8. The
daytime flow rate decreases with decreasing
tank elevation as a result of reduced buoyant
forces. The reverse flow at night is negli-
gible if the bottom of the tank is above or
even with the top of the collector, but
becomes substantial if the bottom of the tank
is placed below the top of the collector.
The deletericus effect of the reverse flow is
apparent from the nighttime decline of the
cumulative energy transfer which increases in
severity with the rate of reverse flow. Sys-
tem performance is apparently not very sensi-
tive to the daytime flow rate. The daytime
energy transfer 1is the highest for the tank
in the Towest position (y = -1.22 m). This
result s attributable to the Tower system
temperatures which result from the nighttime
reverse-flow losses,

The effects of flow resistance are shown
cin Figs. 9(a) and 9{b). Figure 9(a) tends to
confirm the previous results, which showed
that over a large range, a decrease in the
flow rate has a small effect on system per-
formance. The energy transfers are indistin-
guishable for collector tube sizes greater
than or equal to the nominal 1/4 in. diameter
(I.D. = 0.315 in., = 0.800 cm). Collector
tubes of nominal 1/8 in. diameter (I1.D. =
0.190 in. = 0.483 cm) produce a slight reduc-
tion in system performance. Figure 9(b)
shows the effects of connecting pipe diameter
for a total connecting pipe length of 8.4 m
(27.5 ft). These results tend to confirm the
previous studies of non-heat exchanger sys-
tems that show the "self compensating" nature
of buoyancy-driven flows [2,4].

As  mentioned before, all results
presented apply only to an average June day
in Richmond, Ca. While these results indi-
cate the system potential, they should not be
generalized. The following studies are
necessary to fully establish the technical
and economic viability of this type of freeze
protected thermosiphon water heater:

e Experimental validation of the Detailed
Loop Model (DLM).

e Development of a simplified, Correlative
Analysis Tool (CAT) to study the annual
performance of thermosiphons with heat
exchangers in various climates.

e Comparison of the performances of verti-
cal and horizontal tanks.

e Designing of heat exchangers for thermo-
siphon systems with vertical and hor-
izontal tanks.

CONCLUSTONS

Several preliminary - conclusions are
deduced from the DLM studies:

® Reasonable system performance can be
achieved by a thermosiphon with a simple
heat exchanger, using p-glycol as the
circulating fluid.

@ Night oscillations and reverse flow are
suppressed when p-glycol is used as a
circulating fluid and the bottom of the
tank is not below the top of the collec-
tor.

& No significant performance advantage
results from elevating the bottom of the
tank above the top of the collector
(i.e., above the limiting point neces-
sary to suppress the reverse flow).

e System performance 1is essentially
independent of flow resistance over a
wide range of resistance values.

e System performance s sufficiently
insensitive to tank stratification that
reasonably accurate calculations can be
made based on empirical estimates of the
stratification.

NOMENCLATURE

A surface area, m (ft2)

C specific heat, kd/kgoC (Btu/1bmOF)

d diameter, cm {in.)

Ey cumulative energy transfer to storage
tank, kcal (Btu)

F' plate efficiency factor

HTR heat transfer ratio = (UA)po/(UA)c

L Tength, m {ft)

L+ total connecting pipe length, m (ft)

M total number of heat exchanger tubes

N total number of collector tubes

q  heat flux, W/m? (Btu/hr-ft2)

0 volumetric flow rate, m3/sec (gal/min)

St daily total solar radiation, kcal/mPday
(Btu/ft<day)

T temperature, 9C (9F)

AT temperature difference between top and
bottom of storage tank, ©C (OF)

U overall heat transfer coefficient,
W/m20C (Btu/hr-ft2OF)

Up ove§a11 collectqr loss
W/méOC (Btu/hr-fLe0F)
total volume of storage tank, m3 (gal)

amount of draw, m3/day (gal/day)

coefficient,

e



y vertical position of tank bottom rela-
tive to collector top, m {ft)
o normal absorptivity of collector
absorber plate
8 thermal expansion coefficient, 1/%
(1/9R)
n cumutative efficiency
6 collector tilt angle
u absolute visc%sity, cp. (Tbm/ft=hr)
P density, kg/m® (1bm/ft3)
T normal transmissivity of the collector
cover plate
subscripts
a ambient
C collector
¢p  connecting pipes
h header
he  heat exchanger
in  insulation
max maximum
S supply
sr  solar radiation
tk  storage tank
TABLE V. SYSTEM DIMENSIONS AND PARAMETERS®
A= 2x1.95 (2%21) N o=2x9
d, = 0.953 (0.375) S, = 4803.5 {1766)
dep® 2.604 (1.025) T, = 16.7 (82)
dy, = 2.680  (1.055) AT = 5.5 (10)
dy o= 5.042 (1.985) U = Fru = 4.201 (0.741)
= 50.8 (20) Upe= 170.1 (30)
Fr=0.9 Us,= 0.85 (0.15)
Lo = 1.7 (5.75) Vo o=0.302 (80)
Ly = 4x1.12 (4x3.67) Vo= 0.278 {73)
Lhe= 1:52 (5) 8 =45
Lt = 4,54 (14.9) o = 0,86
Ltp: 1.52 {5) No. of elbows = 10
M =3 No. of tees = 4
CLIMATE: Richmond, Ca. in June
Heat transfer fluid is 60% p-glvcol by weight
*Units are given in the Nomenclature
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